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SYMBOLS

u velocity

a coefficient of convective heat exchange
cp heat capacity at constant pressure

m molecular weight of gas blown

6d thickness of dynamic boundary layer

8t thickness of thermal boundary layer

8

o §[1——(pd/pﬂ“)]uy . displacement thickness of the boundary

‘i layer
o : ' - "
g.ég.( (_EE.){- L%_.E~>J@g momentum loss thickness of boundary
d- g \P1t ly layer
0, == _33_421__2E5: energy loss thickness (thermal energy)
e Pﬁ“;fﬂ"'Tw of boundary layer
6 *
H = I form parameter
d
Hn=7 value of form parameter h for expon-
ential profile with exponent
1/n = 1/7
H(x/1), F(x/1) functions considering influence of
geometric dimensions on coefficient
of convective heat exchange with
stepped change in surface temperature
Te restoration temperature
!
T = restoration coefficient
T.. - T
01 1
Pwulx
Re, = — Reynolds number with respect to length
w from beginning of boundary layer and
parameters on wall
P u.Xx
Re - W Leff Reynolds number with respect to
weff M .
effective length Xoff and parameters
on wall
PiiPa :
Rey = T Reynolds number with respect to

1 momentum loss thickness and para-
meters on edge of boundary layer



Indices

0
1
w

deceleration parameters
parameters at edge of boundary layer

parameters on wall
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NASA TT F-11,663

PROBLEMS ASSOCIATED WITH THE CALCULATION OF FRICTION
AND HEAT TRANSFER IN A TURBULENT BOUNDARY LAYER

V. S. Avduyevskiy and V. N. Kalashnik

ABSTRACT. Discussion of the effect of the Mach number,
pressure gradient, surface roughness, and similar para-
meters on the friction and heat transfer in a turbulent
boundary layer. It is shown that the existing empirical
formulas and semi-empirical methods for calculating these
parameters, while based on experimentally determined fric-
tion and heat-transfer laws, are in poor agreement with
experimental data in the case of large Mach numbers, com-
pressible boundary layers on a rough surface, and certain
other values of the parameters. Furthermore, semi-empirical
methods do not permit extrapolation beyond the critical
values for which the empirical relations (on which these
methods are based) were derived. |t is seen that, to
improve this situation, it is necessary to refine the
physical ideas on which these theories are based and to
develop calculation methods applicable over a wider range
of parameter values by using more rigorous physical rela-
tions for turbulent-boundary-layer flows.

The calculation of a turbulent boundary layer is performed in order to
determine the coefficients of friction, heat and mass exchange on the surface
of the body around which the flow occurs, as well as certain integral char-
acteristics of the boundary layer: the displacement thickness, the impulse loss
thickness, etc. At the present time, many various empirical and semi-
empirical methods have been developed for calculating the turbulent boundary
layer [1-8]. Attempts are being made to create calculation methods using
deeper physical relationships between local characteristics in the boundary
layer (turbulent viscosity, scale of turbulence, etc.) [9-12].

However, the existing calculation methods do not produce reliable results
in all cases. We analyze below the specific features of flow in a turbulent
boundary layer, which cannot be predicted using the available methods. Some of
the problems will be simply stated.

I. Turbulent Boundary Layer on a Flat Plate

A great number of experimental works have been dedicated to the study of
the boundary layer on a plate, and these works have allowed the primary specific

' Numbers in the margin indicate pagination in the foreign text.
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features of this type of flow to be determined. The achievements of

the semi-empirical theories of turbulent boundary layers in an incompressible
liquid are well-known: these achievements include the production of universal
logarithmic velocity profiles. The semi-empirical methods of calculation were
further developed in recent years by the development of the well-known
calculation methods of Prandtl-Carmen, Loytsyanskiy, Kalikhman, Iyevlev,

von Driest, Wilson, Ginzburg and others. As experimental data have been
accumulated on the influence of the primary flow parameters (Mach number,
temperature factor, pressure gradient, etc.) on the development of a turbulent
boundary layer, these methods are made ever more precise. It should be noted
that the hypotheses on which these semi-empirical theories are based may not
correspond in every detail with the physical picture of flow in a boundary
layer. Therefore, these theories should be looked upon as methods for
producing a form of calculation dependence which must then be clarified using
experimental data.

Figure 1. Influence of M Number on Coefficient of Fric-
tion for Heat Insulated Surface for Reo = const:
d
1, Calculated [3); 2, Calculated [4]; 3, Calculated [5]
with Re, = 2000; 4, Calculated [5] with Re, > o
b4 %4
5, Calculated [8]. Experimental points from works of
various authors.



As the methods for calculating an incompressible boundary layer were
extended to cover the flow of a compressible gas, it was necessary to consider
the change in physical properties (density P.,viscosity 4, heat conductivity A,
etc.) across the boundary layer. In the works mentioned above, the methods of
calculating the compressible layer were constructed on the basis of the
ordinary conceptions of the semi-empirical theory, but in consideration of the
variability of p, # and X across the layer. On the whole, the consideration of
the variability of the physical properties makes it possible to indicate the
influence of compressibility correctly. However, for a plate the same results
could be produced by selecting mean values of these parameters (p, #, A, etc.)
and using them directly in the final empirical formulas (for example, [4]).

Figure 1 shows the experimental

@ jggjﬁj‘g values of coefficient of friction C, with
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M=8 27
~ various Mach numbers on a heat insulated
5% ‘ surface [13-16]. We can see that the
calculation dependences of Cf/Cf gener-
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ally quite properly reflect the influence

INM=10,06 of the M number on Cf where M < 9, since

i in this area many measurements have been
di performed which can be used to clarify the
?? theories. With greater M numbers, the
it experimental points lie above the calcu-
éf \ lated curves.
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5% 506 762 ylwm] As yet, insufficieqt da?a have been
accumulated to make a final judgment
concerning the behavior of a turbulent

Figure 2. Influence of K boundary layer in the area of large Mach
Number on Form of Velocity aunbers; however, we should know the
Profile [17] experimental facts indicating the changes
in principle in the nature of the flow in
a boundary layer at large Mach numbers.
We can see from Figure 2 that the velocity profiles with increasing M number
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are deformed [17], the thickness of the laminar sublayer increases, reaching
20-30% of the thickness of the boundary layer, and its influence on all char-
acteristics of the boundary layer increases. It is possible that this is the
reason why extension of the semi-empirical theories and limit rules to the area
of large Mach numbers does not give satisfactory results.
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Figure 3. Comparison of Experimental Data on Heat Exchange

in Nozzles at M = 5.5-10, on a Plate at M = 0-4 and on a
Cone, Calculated According to Formulas (1) and (2)

I'l. Boundary Layer with Pressure Gradient

1. Negative pressure gradient. The results produced for a plate can be
extended to a flow with weak longitudinal pressure gradient. The existing
calculation methods are based on the assumption that the local characteristics
of the boundary layer Cf, St = a/(Plulcp), H = 5*/0d depend on local values of

the Reynolds number through the momentum loss thickness Reo = pluled/u1 just
d

as on a plate; this means that the influence of the local pressure gradient is

not taken into consideration. Over a certain range of pressure gradients

(0>6G6> —10-3, where G = {Gd/(pluf)}dp/dx), this approach gives satisfactory

results. We can cite as an example the method of the effective length for the
calculation of heat exchange [8]. The essence of this method is that for each
cross section on the surface of the body being examined, a plate of length
Xogf is selected, over which an identical boundary layer develops. Figure 3

shows the experimental values of the coefficient of heat exchange produced
under various conditions. The effective length is determined from the formula

N
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and the coefficient of heat exchange @ is determined using the empirical
formula for a flat plate [4]

ux y Tw\" _ oue k—1 N\
Nuogpp =~ = 0.0206 Re,‘,’,e“ff< ~[i”-> pri®( 1 4 =) 2

It is interesting to note that the usage in these formulas (as well as in
formulas of other methods of calculation of heat exchange) of enthalpy I in
place of the corresponding temperatures allows us to produce rather reliable
results in calculating the turbulent boundary layer in a dissociated gas.

The effective length method for calculating heat exchange allowed us to
use the experiments performed in flows with pressure gradients (primarily in
nozzles) to clarify the empirical dependences in the area of large M numbers,
low values of temperature factor, etc.

The analogous method for the calculation of friction and dynamic boundary
layer requires more detailed information on the form of the velocity and
temperature profiles. The ordinary assumption that the set of velocity
profiles has one parameter and that this parameter is H = f(Ml’Reb ,Tw/TC)

d
gives fair results when the following empirical dependences are used

9 k—1 . [Tw / 6T>< 7@)1 e—1 .
= AT R Y (R I 3
H"7{<1+ 5 M‘> T T\ o Ton R (3)
17 P\el’d; —0,04
T “2[&760} . ”

However, the usage of the law of resistance without consideration of the
influence of the local pressure gradient on friction leads to erroneous results
in the case of large pressure gradients in the flow.



With a negative pressure gradient, the velocity profile is deformed so
that friction and heat exchange increase with identical layer thicknesses.
This effect is either taken into consideration in certain calculation methods
based on experimental data, or is included in the semi-empirical calculation
methods in determining the distribution of the shear stress across the layer
[18, 19]. However, in accelerating flows there is yet another factor which
exerts its influence in the opposite direction. We are speaking of the sup-
pression of turbulence and corresponding decrease in transfer coefficients. As
an example, we can cite works [20, 21] in which it is shown that in the
presence of a strong negative gradient in nozzles, laminarization of the
turbulent boundary layer occurs. This fact is not predicted in principle by
the semi-empirical theories and requires more precise methods.

In work [22], measurements of the coefficient of heat exchange on a plate
were performed for subsonic velocities in the presence of sectors with negative
pressure gradients (Figure 4). With sufficiently large pressure gradients,
the experimental points were notably lower than the calculated dependence for
a turbulent boundary layer. This work suggested parameter K = —G/Ree and

d
included a determination of the value of Kmax’ after achievement of which a

decrease in the heat exchange coefficient is noted. However, at the present
time there are no methods for calculating the turbulent boundary layer under
these conditions.

When a supersonic boundary layer develops over an angular point, the
effects analyzed above also appear, i.e. deformation of the velocity profile
occurs, the profile becoming fuller, and turbulent pulsations in pressure
occur. However, it should be noted that the boundary layer equation is not
followed in the immediate vicinity of the angular point, since there is a large
transverse pressure gradient at that point.

Figure 5 shows experimental values of heat exchange on a cylinder beyond
the angular point [23]. We see that the calculated heat exchange from the
critical point disagrees with the experimental value only in the area of the
angular point. Calculation of the heat exchange on the assumption that the
boundary layer begins to develop at the angular point gives an artificially
high value of « which, however, approaches the experimental value at large
distances. Good correspondence with the experimental values is observed when
calculations are performed in consideration of deformation of the velocity
profile upon rotation [23]. Rotation of the boundary layer can be calculated
using the formulas for an ideal gas without considering the influence of
viscosity. After the rotation, development of a new boundary layer is analyzed
in the flow with transverse velocity gradient. In this case, the existence of
a laminar boundary layer in the area of the angular point is possible. At
sufficiently large distances from the angular point, the influence is reduced,
and the three calculation dependences converge. It should be noted that all
the above is correct for those cases when the flow moves past the angular
point practically without separation.

/15



uy [mAed : K-10° .2. Positive Pressurg .
51 4 gradient. Flows with positive
‘ pressure gradients have always
X anasal been studied deeply. Many
,;1\ (\ Z works have been dedicated to
the development of integral
J \ methods of calculating the
boundary layer for the case
St ! dp/dx > 0 [11, 19, 24, 25,
\\ | etc.] In this case, very
0003 1 — strong deformation of the
» N

velocity profiles occurs,

L*ﬁﬁ‘_~‘~ ' particularly when we approach
0,002 '“;%; —— \ the point of separation.
feg 00N, | Y However, the assumption that
the set of velocity profiles
0,001 - has one parameter gives satis-

0 6,305 6,610 odd =l factory results. As a form
parameter, sometimes the value
of Hi is used [25, 26]

30,5

Figure 4. Influence of Negative
Pressure Gradient on Heat Exchange 0 u S u u
Coefficient in Turbulent Boundary H; = S[i-———}dy/ S——[i——~—]d%
Layer. Before sector with negative 0 U o W “
pressure gradient Re, = 1890 and

d

6 We can see from Figure 6
Re = 0.77-10° [22] that with identical values of
this parameter, the velocity
profiles produced under various
conditions agree well with each other.

Many dependences have been suggested for the resistance rule, of which
the most successful is the Ludvieg-Tillmann formula [18].

In [25], a method is suggested for calculating friction in a turbulent
boundary layer with pressure gradient; in this method, the Ludvieg-Tillmann
formula is used as a resistance rule, and the form parameter selected is H
The following formula was produced for Cf

N : — 0268
L iy Y% To\( B )"
(= = (),123¢~1:561H; ( > = : (6)
2Cf 01U m T ) Mo

)

On Figure 7, taken from [25], we see that calculation using this formula
agrees qualitatively with the experimental values for a complex form body, the
surface of which has areas both with positive and with negative pressure
gradients. However, the quantitative correspondence for Cf is unsatisfactory,

although the calculated and experimental values of momentum loss thickness

/14
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correspond. This is related to the fact that the formula for this type of
resistance rule is not universal, and the set of velocity profiles can be
considered one-parameter only in the first approximation.

In supersonic flows,
calculation of the boundary

P M=g :::’i:j::E;T__ layer is complicated due to the
(-4 R .
008 ¢ g — 2 reverse influence of the bound-
ary layer on the external free
006

beyond the framework of the
boundary layer theory. However,
0,04 r—g—i=—1= 5 = ’ from experiments on the inter-

. 1 flow. This problem goes

action of the boundary layer
with compression jumps, we can
produce additional information
for the resistance rule and the
2 / 2 3 4 5 3 value of'form parameter H at
supersonic velocities on small
models. In these experiments,

002

Figure 5. Influence of Rotation it is easy to determine the
about Angular Point on Heat Exchange displacement thickness 8* with
Coefficient in Turbulent Boundary various values of dp/dx and the
Layer. Coordinate S measured from position of the point of
angular point [23]. S = S/R separation with respect to the

jump using shadow photography.

The quantities determined allow
the value of G to be determined at the separation point. This is the simplest
and most precise method of determining separation values of G in supersonic
flows.

I1l. Area of Transition to Turbulent Flow in Boundary Layer

Calculation of the position of the zone of transition of a boundary layer
and the changes in the nature of the layer in this zone is an extremely
important task which has not yet been solved. The problem is complicated by
the large number of parameters which influence the transition of the boundary
layer strongly.

Although a great number of experimental works have been dedicated to this
transition, as yet no systematic data have been developed on the influence of
each parameter individually.

It can be considered established at the present time that the Reynolds
number for transition on a heat insulated surface with dp/dx = 0 increases
monotonously with increasing Mach number for M > 3 [27, 28]. It has also been
established that the length of the transition zone may be very great and at
supersonic velocities the plate sector covered by the transitional layer may
be greater than the sector covered by laminar flow [27, 29]. It is known that



cooling of the surface may essentially delay onset of the transition on a
surface at Mach numbers M = 2-3 [30].

Concerning heat

v . j&ﬁ§cgﬂgu%ﬁﬁFiﬁ§?F°‘—"——— exchange, it has been
u, established that in the
égy 1 transition area the
(] o . s
0,8 é%; = o; coeiflclept of heat
. =2, a3 exchange increases
L fe L monotonously from laminar
A to turbulent values. For
06 Do a flat plate, the
N Hp=1, 4 following relationship

between the Stanton
number in the transition
0,4 53 area and the Reynolds
number has been
established (Figure 8):

.1° | Sty = A Re u" (7).
r . | (n = 008_100) ’
0 Z 4 6 & y/4"
where A depends on the
Reynolds number at the
Figure 6. Comparison of Velocity Profiles beginning of transition.
Produced with Various M Numbers and ldent-
ical Values of Form Parameter H: The primary diffi- /16

1, M= 1.42; 2, M =1.85-2.96; 3, M =5 culty involved in
calculating heat exchange
in the transition area is

related to a determination of the position of the transition zone on the body
being analyzed.

Measurement of friction in the transition area has practically never been
performed. Where necessary, friction in the transition area is estimated using
the Reynolds analogy on the basis of the available experimental data on heat
exchange. '

It should be noted that roughness in the transition area may cause a
considerable increase in the coefficient of heat exchange and particularly the
coefficient of temperature restoration r. Whereas with natural transition of a
boundary layer over a smooth surface the coefficient of restoration increases
from the laminar value of 0.84-0.85 to the turbulent value r = 0.88-0.90, over
a rough surface the values of r may reach 0.95-0.98.
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Figure 7. Calculation of Coeffi-
cient of Friction Cf and Momentum

IV. Boundary Layer on a Rough
Surface

Based on the classical
experiments by Nikuradse [31]
conducted in rough tubes, a
method has been developed for
calculating friction over rough
plates around which an incom-
pressible liquid flows [32]. The
concept of the equivalent sand
roughness was developed, which
allowed the form of the roughness
elements to be eliminated from the
analysis. It was found that the
ratio of the height of the equiv-
alent sand roughness to the
thickness of the laminar sublayer

is a parameter which character-
izes the degree of influence of
the roughness on friction. When
the height of the roughness is
less than the thickness of the
sublayer, the roughness of the
surface does not influence fric-
tion, and the surface can be
considered smooth. When the
height of the roughness is
considerably greater than the
thickness of the laminar sublayer, the resistance of the form of the roughness
becomes determinant; at this point the value of Cf ceases to depend on the

Loss Thickness Od on Complex Form

Body with Mach Number of Incident
Flow 2.0; a, Shape of body; b, Com-
parison of calculated and exper-
imental values of Bd; c, Comparison

of calculated and experimental
values of Cf

Reynolds number, and depends only on the height of the roughness. In the
intermediate area, Cf depends both on the height of the roughness and on the

Reynolds number.

The method of calculating C_ in an incompressible turbulent boundary layer /17
over a flat plate [32] agrees wefl with experimental data, as we can see from

Figure 9, which shows experimental [33] and calculated values of the mean
coefficient of friction Cp on a plate of length 7 atM=0.7.

Many attempts have been undertaken to consider the influence of compress-
ibility; however, no satisfactory method for calculating friction in a
compressible layer over a rough surface has ever been produced. On Figure 10
we see experimental values of CF for a rough surface of length 7 at M = 2,

as well as calculated values of CF which do not consider the influence of

compressibility [32] and which do consider the influence of compressibility
[34]. We see that the divergence between the experimental and calculated
values remains considerable. It should be noted that with increasing M number,

10



the influence of roughness on friction decreases.
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Figure 8. Experimental Values of Heat Exchange
Coefficient in Gradient-free Flow at M = 2.9:
1, Calculated according to formula Stw

[}

= 0.332Re;]/2Pr;2/3; 2, Calculated according to
formula StW = ARew; 3, Calculated according to

formula St = 0.029Re"0'2Pr-o'6
w w w

The influence of roughness of the surface on heat exchange has been less
thoroughly studied than its influence on friction, even in an incompressible
boundary layer. Here, the form of the roughness elements has not yet been
successfully eliminated from analysis; due to this, the experimental depend-
ences of various authors agree poorly with each other, even for flow in tubes.
Heat exchange on the rough surface continues to depend on the Reynolds number

in the area of the square law of resistance, where coefficient Cf does not

depend on Re [35]. This indicates that the Reynolds analogy is disrupted for
rough surfaces.

Experiments performed at supersonic velocities have shown that large
roughnesses increase heat fluxes by factors of 1.5-2, and further increases in
roughness height do not change heat exchange coefficient « (Figure 11). It is
interesting to note that when rough and smooth sectors of the surface alter-
nate, the value of o is determined entirely by the local conditions. Figure 11
shows values of a produced on smooth surface sectors (the size of the trans-
ducer was d = 0.02 m, corresponding to 2-3 times the thickness of the boundary

11



layer) which followed a rough surface (x = 0.15-0.5 m). We can see that the
experimental values agree well with the calculated values for a smooth surface.
A similar result for friction in an incompressible boundary layer on a rough
surface was produced in work [36]; it is also mentioned in book [32].
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Figure 9. Influence of Figure 10. Influence of
Roughness of Surface on Mean Surface Roughness on Mean
Value of Coefficient of Value of Coefficient of
Friction Cf over a plate of Friction CF on Plate of
Length Z in an Incompress- Length 7 in Compressible
ible Turbulent Boundary Turbulent Boundary Layer:
Layer: 1, Experimental, 1, Experimental, 1/h = 450,
I/h = 419, M = 0.7 [33]; M = 2.0 [33]; 2, Exper-
2, Experimental, 7/h = 650, imental, Z/h = 720, M = 2.0
M = 0.7 [33]; 3, Exper- [33]; 3, Calculated,
imental, Z/h = 1680, M = 0.7 /h = 450, M = 0 [32];
[33]; 4, Smooth plate L, calculated, 1L/h = 720,
M = 0.7 [33]; 5, Calculated, M =0 [32]; 5, Calculated,
/h = B10(?) M = 0 [32]; 1/h = 450, M = 2.0 [35];
6, Calculation, Z/h = 650, 6, Calculated, Z/h = 720,
M =0 [32]; 7, Calculation, M= 2.0 [34]; 7, Smooth
1/h = 1680, M = 0 [32]; plate M = 2.0 [45]

8, Smooth plate, M = 0 [457]

V. Boundary Layer on a Permeable Surface

The boundary layer on a porous surface with coolant flow through the
surface has been investigated by many authors (for example, [37-40]). A number
of empirical and semi-empirical methods for calculation have been suggested
[5, 39, 41-43].

Blowing of gas through the surface leads to a considerable deformation of
the velocity profiles which, with large blowing parameters BO, take on an

S-shaped form [40]. Figure 12 shows that the experimental data of various
authors on blowing of air into air agree with the calculated dependences of the

12
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heat exchange coefficient on the blowing parameter with small values of this
parameter (B < 1). However, here also we see considerable divergence. As

BO is increased, the influence of blowing indicated by most calculation methods

is artificially high. Work [39] suggests an empirical dependence for the
consideration of the influence of blowing of various gases on heat exchange at
supersonic speeds (0 < My < 8):

b
ﬁf—:i—o,ig(mi >B0v
m

qwo

(8)

where Q> 9,0 are the heat fluxes with and without blowing, b = f(ml/mv),
m and m, are the molecular weights of the gases. This dependence agrees well
with the results of experiments for values of qw/qw0 = 0.3, Tw/Te = 0.6-1.2;

Re = 10°-10"; m, = 2-121.
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Figwre 11. Influence of Large Scale Roughness
of Surface on Heat Exchange Coefficient in
Compressible, Turbulent Boundary Layer on Flat
plate: 1, Experimental, M = 2.4, distance from
beginning of boundary layer x = 10-530 mm,
height of roughness h =1 mm; 2, Experimental,
M=2.7, x=370-530 mm, h = 1 mm; 3, Exper-
imental, M = 2.4, x = 150-500 mm. Upstream from
the point of measurement, the surface is rough
(h = 1 mm). The surface of the heat exchange
transducer is smooth (d = 20 mm); 4, Calcula-
tion for smooth surface according to formula

13
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For the case of large flow rates of gas, no heat exchange calculation
methods are currently available.

Everything stated above concerning the influence of blowing is correct for
gradient-free flows. Where dp/dx ¥ 0, no reliable experimental data are
available on the influence of blowing: correspondingly, there are also no
calculation methods. In this case, deformation of the velocity profile has an
essential influence on all characteristics of the boundary layer. There is
great interest in the problem of the development of the boundary layer beyond
the blowing sector as the blowing intensity is changed along the length of a
plate.

VI. Boundary Layer with Variable Conditions at the Surface /1

This class of problems includes the calculation of a boundary layer on a
surface with variable length of roughness and blowing parameters which vary
along the length of the surface, which were partially analyzed above, as well
as calculation of the boundary layer with variable surface temperature Tw'

Heat exchange on the surface with a sharp change in temperature (''temper-
ature step''}) in an incompressible liquid is described well by the following
formula, produced under relatively simple initial assumptions [44, 45]:

I

St(z,1) = 0,0296 Re—2 (%’)4"[ 1— (i‘)”” T’“ _
— St(z, 0) [1 — (% >"‘°]"" , ©

where x, . are the distances from the beginning of the boundary layer to the
section being analyzed and to the point of the sudden change in temperature
respectively, Tw’ T01 are the temperatures of the wall and the flow at cross

section x.

The so-called superposition method has been successfully used to calculate
heat exchange on a surface with a smooth change in surface temperature; the
essence of this method is that the smooth change in temperature is replaced by
a stepwise change, the influence of each step being analyzed individually

14



according to the formula used above, and the influence of all '"steps" being
added for the plate section in question. After the obvious transformations,
the calculation formula for local heat flux on the surface with variable
temperature takes on the form [45]:

g = piuscp St(z, 0) § [1_ (;E >/ }_'/-Z_Tg'dg. (10)
[

T

.
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Figure 12. Influence of Blowing of Air on Heat

Exchange on Plate with TW/Te = 1 and Re = const.

Most experimental points of various authors produced

at MI ~ 0: 1, Calculation according to [12]; 2, Cal-

culation according to [5] (1imit law); 3, Calcula-

tion according to [41]; 4, Calculation according to

theory of Rubezin [38]; 5, Calculation according to
[37]

Figure 13 shows the influence of the stepped change in temperature of the /20
surface on the coefficient of friction and heat exchange [46], averaged over a
certain length d (size of the transducer) at M = 5. According to the formulas
for an incompressible liquid, the ratio of the heat exchange coefficients at
the transducer in the presence of a 'temperature step" @ and at constant
temperature @ can be represented in the form [47]
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wla="1(z/l) + 3l (/1) (1)

where H and F depend only on the geometric dimensions, while z = (Ttr -

- Tw)/(Ttr - TOl). Under the conditions of the experiment whose results are
shown on Figure 13, the value of Hincom = 0.5. The experimental points lie on
a line described by (11), but with values of H~ 1.4-1.7, i.e. in a compress=
ible boundary layer, a sudden change in surface temperature influences the heat
exchange more strongly than in an incompressible boundary layer. Attempts to
extend the methods for calculating heat exchange with variable surface temper-
ature to a compressible boundary layer have as yet been unsuccessful.

Figure 13 also shows the results of measurement of friction with a
"temperature step.' We see that the sudden change in temperature has
practically no influence on friction.
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Figure 13. Influence of Sudden Change in Temperature

of Surface on Values of Heat Exchange Coefficient a
and Friction Coefficient Cf in Compressible Layer

Averaged over Length of Transducer [46]. According
to [47], for the conditions of this experiment [46],
F(x/1) =1, H(x/1) = 0.5

VII. Certain Paths for Further Development of the Methods for Calculating a
Turbulent Boundary Layer

Thus, the usage of semi-empirical methods for calculating (like the
empirical formulas) produces reliable results only with values of defining
parameters for which these dependences have been tested experimentally.
Extension of the empirical or semi-empirical dependences to the limits of
available experimental data can lead to erroneous results (for example, the
dependence of Cf on the Mach number at M > 9, the dependence of heat exchange

on air blown into the stream at high blowing parameters, etc.). Semi-empirical
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methods cannot consider any specific features in the influence of the defining
parameters, which were not included in the composition of these methods. The
semi-empirical methods, like the experimental dependences, are in most cases a
convenient method of interpolation of the influence of the determining para-
meters on the primary characteristics of the flow in the boundary layer.

Therefore, the main task is not clarification of these methods in their
present form, but rather improvement of the physical ideas on which they are
based; the experimental determination of specific features of the influence of
various parameters on the development of the boundary layer and the usage of
deeper physical regularities for the flow in the turbulent boundary layer in /21
order to create new methods for its calculation in place of the commonly used
resistance rule, distribution of shear stress through the thickness of the
layer, etc.

From this point of view, there is interest in the work of Iyevlev, Fox and
Zakkay, Bradshow et al. [9-12]. Most of these works are based on widespread
usage of electronic digital computers to solve the complex differential
equations in partial derivatives using experimental data on turbulent transfer
coefficients.

Figure 14 shows the results [11] of calculation of Cf in an incompressible

boundary layer on a smooth plate with various values of initial turbulence
Veo. Work [11] contains the numerical solution of a system of equations of

movement, discontinuity and energy of turbulent pulsations

ou du 1 dp d ( du (12
t—Fv—=——— H——->,
dx oy pdx dy\ 0y
du 0v__0 : .
o Tay T s (13)
de de 0 de du\t CD
=t = Pa) e (5) —Fe
(14)

where the viscosity ¢ and diffusion coefficient D are experimental functions of
the Reynolds number VeL/» in the scale of turbulence L. The experimental
dependence L = £(y/8) was also used for the scale of turbulence. The solution
of this system of equations is used to develop a friction rule (Figure 14).

The calculated profiles agree well with experimental velocity profiles.

In essence, this method is also based on certain empirical dependences,
but these dependences are more general in nature than those which are used in
the semi-empirical calculation methods (resistance rule, etc.)}, and are
generally applicable only to a narrow class of flows. Therefore, the
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calculation methods like those presented in [10, 11], encompass a broader class
of flows and, possibly, can be used to find a solution to the problems
stated above.

Cp .
107 ‘1
8 > |
. \\\\L 5 |
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Figure 14. Calculation of Coefficient of Friction

Cf with Various Initial Levels of Turbulence Veo;
1, Calculation for Veo = 0.1; 2, Calculation for

Veo = 0.001; 3, Calculation for Veo = 0.0001;

L, Cf = f(Re) for laminar boundary Layer; 5, Cf -

= 0.455(lgRe)_2'58 for turbulent boundary layer
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